Nanometer-sized gold, due to its beautiful and bountiful color and unique optical properties, is a versatile material for many industrial and societal applications. We have studied the effect of gold nanoparticles on Salmonella typhimurium strain TA 102. The gold nanoparticles in solution prepared using the citrate reduction method is found not to be toxic or mutagenic but photomutagenic to the bacteria; however, careful control experiments indicate that the photomutagenicity is due to the co-existing citrate and Au 3þ ions, not due to the gold nanoparticle itself. Au 3þ is also found to be photomutagenic to the bacteria at concentrations lower than 1 mM, but toxic at higher concentrations. The toxicity of Au 3þ is enhanced by light irradiation. The photomutagenicity of both citrate and Au 3þ is likely due to the formation of free radicals, as a result of light-induced citrate decarboxylation or Au 3þ oxidation of co-existing molecules. Both processes can generate free radicals that may cause DNA damage and mutation. Studies of the interaction of gold nanoparticles with the bacteria indicate that gold nanoparticles can be absorbed onto the bacteria surface but not able to penetrate the bacteria wall to enter the bacteria.
Introduction
The use of colloidal gold, or gold nanoparticles (GNPs), as a coloring agent dates all the way back to the fourth century, and its use in artwork and other materials dates back to the seventeenth century (Edwards and Thomas, 2007; Jennings and Strouse, 2007) . As early as 1920, GNPs were used in clinical trials to treat rheumatoid arthritis (Aaseth et al., 1998) . GNPs have great biomedical applications in drug delivery and gene therapy (Jain, 2005; Paciotti et al., 2004) , imaging and photothermal therapy (EI-Sayed et al., 2005; Gobin et al., 2007; Higby 1982; Huang et al., 2006; Loo et al., 2005; Murphy et al., 2008; Sokolov et al., 2003) , and nanoprobes (Darbha et al., 2008; He et al., 2008; Huang et al., 2006; Ray et al., 2005) because of their ease of preparation, readiness for bio-conjugation, and extraordinary optical properties. While enjoying the great variety of applications of GNPs, researchers are aware that some of the GNP forms may be toxic or harmful to humans (Goodman et al., 2004; Hauck et al., 2008; Mao et al., 2007; Mironava et al., 2010; Murphy et al., 2008; Pan et al., 2007; Pernodet et al., 2006; Ray et al., 2009; Takahashi et al., 2006; Wang et al., 2008; Wiwanitkit et al., 2008) . Reports indicate that GNPs' toxicity is related to their surface chemistry including coating material, size, shape, and biological targets tested (Chithrani et al., 2006; Connor et al., 2005; Goodman et al., 2004; Hauck et al., 2008; Huff et al., 2007; Mao et al., 2007; Mironava et al., 2010; Murphy et al., 2008; Pan et al., 2007; Patra et al., 2007; Pernodet et al., 2006; Ray et al., 2009; Wang et al., 2008; Yang et al., 2008) . Pan et al. reported that 15 nm GNPs are nontoxic at even high concentrations, while 1-2 nm particles cause predominantly rapid cell death by necrosis (Pan et al., 2007) . Chithrani et al. showed that the kinetics for GNP alteration and saturation inside the mammalian cells depend on their size and shape (Chithrani et al., 2006) . Pernodet et al. described the influence of GNPs on the proliferation, spreading and adhesion, morphological structure, migration, and protein synthesis in human dermal fibroblast cells (Pernodet et al., 2006) . The surface modifiers included a range of anionic, neutral, and cationic groups, and surface charge also play an important role in toxicity of GNPs (Connor et al., 2005; Goodman et al., 2004; Takahashi et al., 2006; Wang et al., 2008) . Goldman et al. suggested that the cationic GNPs were more cytotoxic than the same-size anionic ones due to the affinity of cationic particles to the negatively charged cell membrane. Several research groups examined the cytotoxicity of GNPs in different cell types (Goodman et al., 2004; Patra et al., 2007) . Parta et al. found that citrate-capped GNPs were not cytotoxic to baby hamster kidney cells and human hepatocellular liver carcinoma cells, but cytotoxic to human carcinoma cells (A549) at certain concentrations (Patra et al., 2007) .
Despite these efforts, there are still questions about GNPs and their toxicity that need to be understood. In this report, we present data on the interaction of 16 nm gold nanospheres stabilized by citrate ions with Salmonella typhimurium bacteria strain TA 102. The study takes into account the effect by co-existing chemicals, Au 3þ and citrate, and light irradiation.
Materials and method
Salmonella typhimurium strain TA 102 was provided by Dr. Bruce Ames from the University of California (Berkeley, California, USA). Hydrogen tetrachloroaurate (HAuCl 4 ), trisodium citrate, and 8-methoxypsoralen were purchased from Sigma-Aldrich (St Louis, Missouri, USA). Other solvents and chemicals were in their highest purity grade.
Synthesis of gold nanoparticles
GNPs were synthesized using the citrate reduction method as reported (Kimling et al., 2006; Ray 2006; Ray et al., 2005; Turkevich et al., 1951) . In short, 10 mM of HAuCl 4 and 1% of sodium citrate was prepared in water. Then, 2 mL of 10 mM of HAuCl 4 were added to 98 mL of water and was brought to boiling while stirred. Then 3 mL of the 1% sodium citrate was added and the boiling continued for further 30 min. The final concentrations of HAuCl 4 and sodium citrate were 0.2 mM and 1.2 mM, respectively. A series of color changes occurred from light purple to wine red. The solution was cooled to room temperature. Transmission electron microscope (TEM) images and UV-Vis absorption spectra were used to characterize the nanoparticles. The absorption of the gold nanoparticle has a peak at 522 nm, indicative of 16 nm diameter nanospheres (Kim et al., 2006; Kimling et al., 2006; Kumar et al., 2007) .
TEM imaging of bacteria exposed to GNPs A solution of 100 mL GNPs (16 nm, 1.25 mg/mL) was mixed with 100 mL of 10 mM sodium phosphate buffer and 5 mL of the bacteria in solution. The mixture was allowed to stay for 15 min in the dark or with 15 min irradiation by a 300 W Xenon lamp before TEM images were taken with a JEOL-1011 Transmission electron microscope.
Mutagenicity tests of GNPs, sodium citrate, and HAuCl 4
The mutagenicity test was carried out with Salmonella TA102 as previously described (Utesch and Splittgerber, 1996; Wang et al., 2003; Yan et al., 2004) . Test tubes containing the mixture of 20 mM sodium phosphate (pH 7), TA102, and GNPs with a volume ratio of 5:1:1 were pre-incubated for 20 min in the gyrorotatory incubator at 210 rpm to homogenize. Then 0.7 mL each of this mixture was pipetted into test tubes containing 2.0 mL of top agar in a Dri-bath at 45 C. The resulting 2.7 mL mixtures were vortexed and poured onto minimal agar petri dishes. Six plates were prepared for each sample, and the experiment was repeated a second time a week later to ensure repeatability of results. The final concentration of the 16 nm GNPs in the agar plates was 5 mg/plate, sodium citrate was 0, 0.48, 2.4, 12, and 60 mM, and HAuCl 4 was 0, 0.15, 0.75, 3.7, and 18.5 mM. 8-Methoxypsoralen at 10 mg/plate was irradiated for 2 min as positive control. There were two treatments for each concentration. One was without light irradiation while the other was irradiated for 15 min by a 300 W Xe lamp (Wang et al., 2003 (Wang et al., , 2009 ) After irradiation, both Petri dishes were incubated for 48 h at 37 C and the number of revertant colonies was counted with a colony counter (Bantex, Model 920A). If more than twice the number of revertant colonies was observed than the negative control, a positive mutagenic response is scored.
Results

Interaction of GNPs with Salmonella TA 102 bacteria
To see how GNPs interact with Salmonella TA 102 bacteria, the bacteria were exposed to the 16 nm GNPs (0.60 mg/mL) for 20 min in 20 mM phosphate buffer with or without 15 min light irradiation. After exposure, the bacteria were loaded onto the copper grid to take TEM images of the bacteria as shown in Figure 1 . As can be seen, GNPs are attached to the bacteria surface and light irradiation has no effect ( Figure 1B and C) . The GNPs attached to the bacteria surface can be washed off by phosphate buffer during filtration on a 0.2 mM filter paper ( Figure 1D ).
Stability of GNPs under light irradiation and in phosphate buffer
GNPs synthesized with the citrate reduction method are stable in solutions containing adequate amount of citrate ions as the capping agent. They absorb visible light and the absorption wavelength depends strongly on the size of the nanoparticle. The larger the nanoparticle, the longer wavelength light they absorb. Since GNPs applied for cancer imaging or as color coating agents are exposed to a variety of chemicals and light irradiation, their stability is studied under these conditions. To find out whether GNPs transform into other shapes or sizes under light irradiation, they are irradiated with a 300 W Xe lamp or treated with the 20 mM phosphate buffer. The plasmon resonance band of GNPs in solution is recorded using the Ocean Optics USB4000 spectrometer (Dunedin, Florida, USA) after 0, 30, and 60 min irradiation or after 2 sec (shortest time possible), 20 min, and 24 h treatment with the phosphate buffer. The peak at 522 nm does not change after the 30 or 60 min of irradiation (Figure 2A ) neither does the 24-h phosphate buffer treatment ( Figure 2B ). This indicates that GNPs are stable under light irradiation or phosphate buffer treatment. The result of the phosphate buffer treatment also has been confirmed by TEM ( Figure 2C ) in that GNPs are still the same size and shape as before light irradiation. In our previous study, GNPs formed aggregates as soon as it is introduced into cell culture medium such as DMEM or 1Â PBS during cytotoxic test in skin cells .
Mutagenicity of GNPs and co-existing chemicals in Salmonella TA 102
Possible toxicity of freshly prepared 16 nm GNPs in solution was examined using Salmonella TA 102. TA 102 bacteria were exposed to GNPs in solution with or without light irradiation. Exposure to light alone without GNPs slightly increases the number of revertant colonies from 320 to 500, while exposure to light irradiation in the presence of GNPs at a dose of 5 mg/plate increases the number of revertant colonies to 1150, more than twice the number of revertant colonies of the three controls (Figure 3) , indicating that GNPs solution is photomutagenic in Salmonella TA102.
Since GNPs used was not purified and the solution contained both citrate as a capping agent, and possibly unreacted HAuCl 4 (Au 3þ ), photomutagenicity of Au 3þ , and sodium citrate were tested under the same conditions. The initial concentrations of HAuCl 4 and sodium citrate used for the synthesis were 200 mM and 1200 mM, respectively. It is expected that greater than 97% of the Au 3þ is converted to GNPs as will be discussed later. Therefore, the experiments were performed at concentrations of 0, 10.15, 0.75, 3.7, and 18.5 mM for HAuCl 4 and 0.48, 2.4, 12, and 60 mM for sodium citrate. As can be seen in Figure 4 , neither Au 3þ nor citrate is mutagenic to Salmonella TA 102 without light irradiation. Concomitant exposure to each of them at increasing concentrations and light irradiation produces increased number of revertant colonies. The number of revertant colonies caused by citrate at 0.48, 2.4, 12, and 60 mM are 1.5, 1.5, 1.9, and 1.7 times of the control (Figure 4A ), close to the required ratio of 2.0 to score a positive mutagenicity. This indicates that citrate is borderline photomutagenic to TA 102. Under the same conditions, the number of revertant colonies due to concomitant exposure to 0.15 mM Au 3þ and light irradiation are 2 times the control, but rapidly decreases at the three higher Au 3þ concentrations. The decrease must be due to bacteria death caused by Au 3þ phototoxicity as it was demonstrated by many other phototoxic compounds (Wang et al., 2009; Yan et al., 2004) . When Au 3þ concentration reaches 18.5 mM, all the Salmonella bacteria are killed with or without light irradiation. This indicates that Au 3þ is photomutagenic at low concentrations (<1 mM) and is toxic as well as phototoxic at >1 mM ( Figure  4B ). The fact that the GNPs solution is not toxic in Salmonella TA 102 (Figure 3) indicates that the concentration of Au 3þ must be less than 5 mM. This suggests that at least 97% of the starting Au 3þ at 200 mM is converted to GNPs during the synthesis.
Discussions
The results presented here show that GNPs in solution, freshly prepared using citrate reduction of Au 3þ , is not mutagenic or toxic in Salmonella TA 102 but is photomutagenic to the bacteria. Exposure to the 16 nm GNPs solution at a concentration of 5 mg/plate causes the formation of revertant colonies in TA102 bacteria more than twice the control, an indication of a positive mutagenic response. Further careful tests point to the remnant citrate and Au 3þ being the photomutagenic chemicals. The citrate ions are both the reducing agent to convert Au 3þ to GNPs and the capping agent to stabilize the newly formed GNPs. Exposure to pure sodium citrate solutions in the concentration range of 0À60 mM, the estimated concentration range for the remnant sodium citrate in GNP solutions, and light irradiation causes increased revertant colonies of 1.5À1.9 times of the control, borderline photomutagenic. There is one related report on hydroxycitric acid which induces micronuclei formation in cells . Citrate is also known to undergo light-induced or heat-induced decarboxylations, resulting in acetone-1,3-dicaboxylate, acetoacetic acid, and finally acetone (Borer et al., 2007; Hay and Leong, 1971; Munro et al., 1995; Quici et al., 2008; Quici et al., 2007; Zeldes and Livingston, 1971) . During the decarboxylation process, redox reactions occur, leading to the generation of reactive species and free radicals that may cause damage to the bacteria. We also demonstrated that Au 3þ ions are toxic and phototoxic at concentrations >1 mM and photomutagenic at <1 mM. The photomutagenicity of Au 3þ has not been reported before. A recent report indicates that Au 3þ is cytotoxic to human K562 cells at concentrations >50 mM (Connor et al., 2005) , but our results clearly indicate that phototoxicity of Au 3þ in Salmonella starts at a much lower concentration (1À5 mM range) and light irradiation enhances the toxicity. It has been reported that Au 3þ can oxidize HEPES or components of the Good's buffer to nitrogen-centered free radicals and cause DNA strand cleavage with light irradiation (Habib and Tabata, 2004; Tabata, et al., 2005) . Therefore, we believe that light irradiation of Au 3þ in solution may promote formation of free radicals that cause mutation in bacteria or even kill the bacteria. It is conceivable that the strong phototoxicity of Au 3þ may be taken advantage of for killing of bacteria or control of bacteria outbreak. Further experiment is needed to understand the mechanism of Au 3þ photomutagenicity.
Finally, the toxic effects of GNPs are complex due to co-existing chemicals citrate (or its oxidation products) and Au 3þ ions. Citrate is tested to be borderline photomutagenic in Salmonella TA102 bacteria at the concentration range of 15À60 mM. Although there is no indication that a toxic level of Au 3þ is present in freshly prepared GNPs solutions, Au 3þ is both cytotoxic/photocytotoxic and photomutagenic to Salmonella TA 102 bacteria. As we reported previously, cetyl triammonium bromide was the main ingredient for cytotoxicity of gold nanorods to human skin cells . It seems that GNPs, whether nanorods or nanospheres, are not toxic in skin cells or bacteria, but the co-existing chemicals are the actual culprits. Therefore, co-existing chemicals, no matter how nontoxic they seem to be, must be tested as controls during toxicity assessment of any nanomaterials including GNPs.
